Hormonally active agents are released into the environment from industrial and manufacturing activity. Evidence in the literature indicates that impaired reproductive capacity in wildlife and laboratory species is associated with chemical exposures. In particular, bisphenol A (BPA) and di (2-ethylhexyl) phthalate (DEHP) have generated public interest due to their presence in several consumer products. In this study, we determined that expression of steroid hormone receptors (estrogen and androgen receptors), Wnt4, and b-catenin was greater (p < 0.05) in the rat epididymis at 35 days of age compared to 21 and 90 days. Second, timed-pregnant LongEvans dams were exposed to the chemicals BPA and DEHP by gavage from gestational days 12-21. The caput epididymis was collected from cohorts of male offspring at 35 and 90 days of age and processed for Western blot analysis. Results showed that prenatal BPA and DEHP exposures affected (p < 0.05) expression of estrogen and androgen receptor, Wnt4, b-catenin, MAPK, and HOXD4 protein in the epididymis. Data have implications for morphological development of the epididymis, a possibility that would be explored in future studies.
INTRODUCTION
In the postnatal period, epididymal development involves a series of morphological changes including cellular differentiation and formation of the blood-epididymis barrier, which is required to support functional interactions between epididymal epithelia and spermatozoa (Takano, 1980; Robaire & Hermo, 1988; Chen et al., 1994) . The epididymis plays a critical role in the maturation of spermatozoa, including acquisition of progressive motility and fertilizing ability (Robaire et al., 2006; Cornwall, 2009) . Development of the rat epididymal epithelium is thought to occur in three stages, that is, the undifferentiated stage (days 1-14) and stages of differentiation (days 15-48) and expansion (from day 49 post-partum) (Takano, 1980) . Although both M€ ullerian and Wolffian ducts are initially present in both sexes, Sertoli cells produce the anti-M€ ullerian hormone (AMH) that causes degeneration of M€ ullerian ducts in the male. Simultaneously, Leydig cells produce the androgen testosterone, which promotes differentiation and development of the Wolffian duct into the epididymis, vas deferens, and seminal vesicles (Hannema & Hughes, 2007) .
In the embryo, the onset of epididymal development is indicated by formation of the Wolffian ducts under control of the Wnt gene family while b-catenins, which are targeted by Wnt signaling, are involved in formation of the blood-epididymis barrier and maintenance of the integrity of epididymal epithelium and sperm homeostasis (DeBellefeuille et al., 2003; Liu et al., 2009; Naillat et al., 2015) . After formation of the Wolffian ducts, early precursors to epididymal tubules begin to form in response to signals received from the surrounding extracellular matrix and become highly folded except for the part that forms the relatively straight vas deferens (Liu et al., 2009) . Moreover, there is evidence showing that Hox genes, which are associated with segmental development (Bomgardner et al., 2001) , regulate development of the vectorial axis and antero-posterior patterning of the epididymis (Favier & Dolle, 1997; Liu et al., 2009) .
Several chemicals released into the environment from industrial and manufacturing activity exert biological effects that impact reproductive tract development (Nakamura & Kariyazono, 2010) . For example, exposures of laboratory animals and wildlife to high levels of endocrine disrupting chemicals (EDCs) in the environment decreased gonad size, induced feminization of genetic males, and was associated with low sperm count and quality (Akingbemi, 2005) . Examples of EDCs are bisphenol A (BPA), polychlorinated biphenyls (PCBs), pesticides, phthalates, polybrominated diphenyl ethers (PBDEs), and cadmium chloride. BPA is a synthetic non-steroidal estrogen widely used in the manufacture of polycarbonate plastics (e.g., water and baby bottles), epoxy resins as the inside coating in metallic food cans, and as a non-polymer additive to other plastics (Krishnan et al., 1993) . BPA has a chemical structure similar to that of the potent synthetic estrogen diethylstilbestrol (Schonfelder et al., 2002) . On the other hand, phthalate esters have attracted considerable attention due to their high production volume and use in a variety of polyvinyl chloride-based consumer products. As a constituent of infant toys, building and food packaging products, and biomedical devices, di (2-ethylhexyl) phthalate (DEHP) is the most abundant phthalate in the environment (Mylchreest et al., 2000) .
The biological actions of BPA are thought to be due to its estrogenic properties because it acts by binding to nuclear steroid receptors, namely estrogen receptors (ESR1, ESR2) albeit with 10-fold higher affinity for ESR2, but it also has the capacity to bind androgen receptors (AR) and thyroid hormone receptors (Vandenberg et al., 2009) . DEHP was found to alter fetal development via anti-androgenic mechanisms that interfere with AR-mediated signaling and androgen secretion (Wolf et al., 1999) . However, there is increasing evidence that DEHP can induce endogenous estrogen biosynthesis in reproductive tract tissues (Akingbemi et al., 2004; Klinefelter et al., 2012) . However, the mechanisms by which EDCs affect epididymal development have not been fully explored. We and others have identified three stages of testicular development: infantile testis at 21 days of age with little or no capacity for testosterone secretion, 35-day-old rat testis with moderate androgen secretion capacity, and fully differentiated steroidogenic capacity at 90 days of age (Nanjappa et al., 2012) . Given that epididymal development is an androgen-dependent process, we considered that any chemical effects on epididymal differentiation and/or development would approximate these time periods. We hereby performed experiments to determine whether developmental exposures to BPA and DEHP impact gene expression in the epididymis during development.
MATERIALS AND METHODS
All experimental and euthanasia procedures were performed in accordance with a protocol approved by Auburn University Institutional Animal Care and Use Committee and in compliance with the recommendations of the panel on Euthanasia of the American Veterinary Medical Association. Time-bred pregnant Long-Evans dams at gestational day six were obtained from Harlan-Teklad (Indianapolis, IN, USA) and were allowed to acclimatize for 5-6 days at the Division of Laboratory Animal Health Housing Facility at the College of Veterinary Medicine. Pregnant and nursing dams were housed one per cage, whereas weanling rats were kept in groups of two to four depending on age and size. Animals were kept on a 12L : 12D cycle with ambient temperature of 68°F-74°F and were provided feed and water ad libitum. Because use of polycarbonate cages may result in leaching of BPA and other chemicals into the environment (Howdeshell et al., 2003) , rats were housed in polypropylene cages with glass water bottles. Assignment of rats to groups was performed by body weight randomization to ensure equal weight distribution.
Animal studies
Gene expression in the developing epididymis in the postnatal period Expression of steroid hormone receptors (AR, ESR1, and ESR2) and Wnt4/b-catenin protein was determined in the postnatal period. Long-Evans male rats (Harlan-Teklad, Indianapolis, IN, USA) were sacrificed at 21, 35, and 90 days of age without any exposure to BPA and DEHP (n = 6). The caput epididymis was collected immediately after sacrifice for storage at À80°C until they were homogenized and prepared for Western blot analysis.
Prenatal chemical exposure effects on gene expression in the developing epididymis
The gestational day (GD) 12-21 time period is considered the critical time for male sexual differentiation in the rat (Ema et al., 1993) . Altered cellular function occurring at low-dose chemical , and 90 days of age (n = 6). Tissues were subjected to Western blotting procedures using antisera specific to AR (A), ESR1 (B), ESR2 (C), Wnt4 (D), and b-catenin (E) and the appropriate secondary antibodies. Assays of samples were repeated at least four times, and protein levels were normalized to b-actin (ACTB). *p < 0.05 vs. control.
216 Andrology, 2018, 6, 214-222 exposures is more apt to result from receptor-ligand interactions than exposures occurring at high doses that cause cellular damage and overt toxicity. Therefore, we used a biologically based response model of low-dose exposure paradigms of BPA at 2.5 or 25 and DEHP at 5 or 50 lg/kg bw (Abdel-Maksoud et al., 2015) . Timed-pregnant Long-Evans dams (Harlan-Teklad, Indianapolis, IN, USA) were grouped into four groups. BPA was administered at 2.5 or 25 lg/kg of body weight (bw) and DEHP at 5 or 50 lg/kg of bw in the oil vehicle by oral gavage from GD 12 to parturition on GD 21 (Fig. S1 ). Dams were weighed every other day, and the average body weight for each group was used to calculate the chemical doses to administer. This experiment was performed on two separate occasions (n = 10-11 dams/ group for combined experiments). Steroid hormone concentrations are high in the caput epididymis in which cellular specialization and differentiation occur in the epididymal epithelium (Hannema et al., 2006a) The caput epididymis was collected from cohorts of male offspring in each treatment group at 35 and 90 days of age. Epididymal tissues were stored at À80°C until homogenized and processed for Western blotting analysis.
Methods

SDS-PAGE and western blot analyses
Tissues were homogenized in T-PER lysis buffer (Pierce Chemical Co., Rockford, IL, USA) freshly supplemented with protease inhibitor cocktail (Catalog # 78410; Pierce Biotechnology, Inc.) and were subsequently centrifuged at 2200 9 g for 14 min at 4°C to remove cellular debris. Protein concentrations were determined using the Bio-Rad protein assay (Bio-Rad Laboratories, Hercules, CA, USA) with BSA as the standard. Aliquots (50 ll) of whole-cell lysate were dissolved in equal volume of Laemmli buffer containing 5% b-mercaptoethanol and were boiled for 5 min at 95°C. Samples were subsequently resolved on varying percentages of Tris-HCl acrylamide gels by SDS-PAGE. Proteins were transferred to nitrocellulose membranes (Catalog # 1620147; Bio-Rad), which were then incubated with blocking buffer (5% whole milk in 0.1% Tween-20 PBS) for 1 h at room temperature to reduce non-specific binding by antibodies. Afterward, membranes were incubated with appropriate primary antibodies in blocking buffer overnight at 4°C. The complete list of primary antibodies and their use in this study is provided in Table 1 . On the next day, blots were washed three times in 0.1% Tween-20 PBS to remove the unbound antibody before incubation with the appropriate horseradish peroxidase-conjugated secondary antibody. Membranes were washed four times with 0.1% Tween-20 PBS and incubated with a chemiluminescent developing reagent (Catalog # E2400; Denville Scientific Inc., Holliston, MA, USA) for 1 min before exposure to X-ray films (Catalog # E-3012; Denville Scientific Inc., Holliston, MA, USA). The presence of proteins of interest was visualized by developing the film, which were scanned using an Epson 4180 Perfection scanner (Epson-America). Relative protein amounts in identified immunoblots were measured as the optical density of the bands on exposed autoradiographic films using the Image Studio Lite Ver. 4.0 (LI-COR Biosciences-Lincoln, NE, USA). Phosphorylated proteins (i.e., p-ERK1/2) were normalized to corresponding total or inactive protein levels (i.e., ERK1/2), whereas other proteins were normalized to b-actin (ACTB).
Statistical analysis
The data are presented as the mean AE SD. The data were analyzed by unpaired t-test for two groups or one-way ANOVA Figure 2 Caput epididymis was collected from cohorts of 35-day-old male rats that were exposed to BPA and DEHP in the prenatal period by maternal gavage from gestational days 12-21. Tissues were subjected to Western blot analysis to measure AR (A, B), ESR1 (C, D), and ESR2 (E, F) protein. Assays of samples were repeated at least four times, and protein levels were normalized to b-actin (ACTB). *p < 0.05 vs. control.
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followed by Dunnett's test for multiple group comparisons using Graph Pad Prism software (La Jolla, CA). Differences of p ≤ 0.05 were considered to be significant.
RESULTS
Gene expression in the postnatal epididymis is age-dependent In male rats not exposed to test chemicals, epididymal AR, ESR1, and ESR2 protein were greater (p < 0.05) in the prepubertal period (day 35 post-partum) and at 90 days of age and were least at 21 days (Fig. 1A-C) . Similarly, Wnt4 and b-catenin protein were greater (p > 0.05) in epididymis of 35-day-old male rats than levels measured at 21 and 90 days (Fig. 1D, E) .
Prenatal BPA and DEHP exposures affect gene protein expression in the developing epididymis
Body weights and epididymal weights were equivalent (p > 0.05) in all treatment groups (data not shown). Prenatal BPA exposures increased (p < 0.05) epididymal AR protein in prepubertal male rats ( Fig. 2A) , but DEHP caused this effect only at the smaller dose (Fig. 2B) . However, exposure to BPA in the prenatal period, but not DEHP, increased (p < 0.05) ESR1 and ESR2 protein at 35 days of age (Fig 2C-F) .
Prenatal BPA exposures increased (p < 0.05) epididymal Wnt4 protein in male rats at 35 and 90 days post-partum compared to control (p < 0.05) (Fig. 3A, C) while Wnt4 protein was greater (p < 0.05) in DEHP-exposed animals at 35 but not 90 days of age (Fig 3B, D) . On the other hand, b-catenin protein was greater (p < 0.05) in all chemical-exposed animals at 35 and 90 days of age compared to control (Fig 3E-H) . Prenatal exposure of male rats to BPA increased (p < 0.05) MAPK phosphorylation in the prepubertal and adult epididymis, that is, 35 and 90 days of age, whereas DEHP exposures did not affect MAPK phosphorylation at 35 days but caused a decrease (p < 0.05) at 90 days of age (Fig 4A-D) . Prenatal BPA exposure, but not DEHP, increased (p < 0.05) HOXD4 protein in the epididymis of male rats at Figure 3 Caput epididymis was collected from cohorts of 35-and 90-day-old male rats that were exposed to BPA and DEHP by maternal gavage from gestational days 12-21. Caput epididymal tissues were subjected to Western blot analysis to measure Wnt4 protein using antisera specific to rat Wnt4 and the appropriate secondary antibody (A-D). Also, caput epididymis was collected from cohorts of 35-and 90-day-old male rats after exposure to BPA and DEHP in the prenatal period by maternal gavage. Caput epididymal tissues were subjected to Western blot analysis to measure b-catenin protein using antisera specific to rat b-catenin and the appropriate secondary antibody (E-H). Assays of samples were repeated at least four times, and protein levels were normalized to b-actin (ACTB). *p < 0.05 vs. control.
218 Andrology, 2018, 6, 214-222 35 days of age compared to control (Fig. 5A, B) . However, both BPA and DEHP exposures increased (p < 0.05) HOXD4 protein in adult epididymis at 90 days (Fig 5C, D) .
DISCUSSION
In agreement with previous reports, the present study showed that expression of steroid hormone receptor (AR, ESR1, and ESR2) and Wnt4/b-catenin protein, which were associated with control of epididymal development, is greater in prepubertal male rats (PND 35) than at 21 and 90 days of age (Zaya et al., 2012) . However, there is little or no information on whether these transcriptional factors are subject to regulation by EDCs. Together, present results point to the pleiotropic nature of the effects of hormonally active agents, which affect the endocrine axis and reproductive tract development, including the epididymis.
Although the role of androgens has been prominently described, sex steroid (testosterone and 17b-estradiol) concentrations are high in the initial segment and caput, suggesting that sex steroid hormones support the differentiation process in Figure 4 Caput epididymis was collected from cohorts of 35-(A, B) and 90-day-old male rats (C, D) that were exposed to BPA and DEHP by maternal gavage from gestational days 12-21. Activation of MAPK (p-ERK) was analyzed in caput epididymal tissues using Western blotting procedures with antisera specific to rat p-ERK1/2 and the appropriate secondary antibody. Assays of samples were repeated at least four times, and protein levels were normalized to total or inactive ERK1/2.*p < 0.05 vs. control.
these segments of the epididymis (Hess et al., 2001; Hannema et al., 2006b) . However, development of a fully differentiated epithelium is dependent not only on androgens and estrogens, but other luminal factors that are secreted in the testis (Rodringuez et al., 2002) . It was interesting to note that BPA, but not DEHP, affected ESR1 and ESR2 protein expression. The reasons for differences in chemical exposure effects on ESR expression are not clear but are probably related to test chemical's capacity to cause biological effects at low doses in a tissue-specific manner. Nevertheless, the finding of BPA-induced changes in both AR and ESR protein expression is significant because a major role in the reabsorption of fluid from within the epididymal lumen was attributed to estrogens (Snyder et al., 2010; Hess et al., 2011) . Furthermore, estrogen activation of ESR-mediated signaling and the RhoA/Rho-kinase pathway are known to be involved in the regulation of epididymal contractility and the ejaculatory process in the mature male (Meistrich et al., 1975; Vignozzi et al., 2008; Fibbi et al., 2009; Vandenberg et al., 2009 ). The present study determined whether expression of Wnt4, which is known to play a role in sexual differentiation (Vainio et al., 1999) , is regulated by hormonally active chemicals. The Wnt4 gene is initially expressed in the indifferent gonad of both sexes, but is subsequently downregulated in males while it continues to be expressed in the female (Vainio et al., 1999; Deshpande et al., 2009) . We found that prenatal exposures to BPA and DEHP both increased Wnt4 protein in prepubertal male rats -(A, B) and 90-day-old male rats (C, D) that were exposed to BPA and DEHP by maternal gavage from gestational days 12-21. Measurement of HOXD4 protein was carried out by Western blot analysis using antiserum specific to HOXD4 and the appropriate secondary antibody. Assays of samples were repeated at least four times, and protein levels were normalized to b-actin (ACTB).*p < 0.05 vs. control.
220 Andrology, 2018, 6, 214-222 although this effect persisted into adulthood only in BPAexposed animals. Similar to Wnt4, b-catenin protein was greater in caput epididymis from BPA and DEHP-exposed prepubertal and adult animals compared to control. This pattern of Wnt4/bcatenin protein expression in chemical-exposed animals simulates the female phenotype, that is, high expression levels early in development which is continued into the postnatal period in contrast to the decline seen in male reproductive tract tissues (Vainio et al., 1999) . Interestingly, dysregulation of Wnt/b-catenin signaling was linked to a wide range of pathologies, including animal and human cancers (DeBellefeuille et al., 2003; Lombardi et al., 2013) . However, additional studies are required to assess Wnt4/b-catenin-mediated regulation of cellular activity in the epididymal epithelium during development.
MAPK-mediated pathways play multiple roles in many physiological processes, including the regulation of cellular proliferation and differentiation (Tian et al., 2000; Kyriakis & Avruch, 2001; Kang et al., 2003) . For example, ERK activation was increased in caput epididymis from prepubertal male rats exposed only to BPA while the two chemicals caused opposite effects (increase vs. decrease) in adult animals. We interpret these findings to mean that BPA and DEHP have the potential to alter gene expression patterns and impact cellular activity in the developing epididymis. However, it remains to be determined whether molecular changes occasioned by exposures to BPA and DEHP affect morphological differentiation of the epididymal epithelium (Kim et al., 2010) . The studies will be of interest because chronic pERK activity was found to impair cell viability and to initiate cell death (Lu et al., 2004) .
The present study addressed the possibility that Hox genes play a role in developmental aberrations of the epididymis if they affected gene expression during development. Hox genes expression is of interest because they were previously associated with regulation of segmental development and epididymal function (Podlasek et al., 1999; Bomgardner et al., 2001 ). The present results showed that prenatal exposures to BPA, but not DEHP, increased Hoxd4 protein in epididymal tissue from prepubertal rats while both chemicals caused this effect in the adult epididymis. Although a functional redundancy has been ascribed to several Hox genes, Hoxa-10 and Hoxa-11 are co-expressed in the reproductive tract (Branford et al., 2000) , and loss of function mutations in various Hox genes are known to decrease fertility (Podlasek et al., 1999) . Given their general role in segmental specialization in multiple organs, it is likely that chemical exposure effects on regional differentiation have implications for epididymal duct development and function.
In conclusion, the present observations support the view that spatial and temporal patterns of gene expression, which are critical to development and maintenance of a fully functional epididymis (Cornwall et al., 2002; Rodringuez et al., 2002) , are vulnerable to chemical exposure effects. Our future studies will extend the present findings by focus on morphological development of the chemical-exposed epididymis.
